ABSTRACT. We investigated the subcellular distribution of microsomal aldehyde dehydrogenase (msALDH) in rat liver and revealed by the immunoblotting method that msALDH or a cross-reacting 54-kDa protein(s) exists in the outer mitochondrial membranes and peroxisomes. Anti-msALDH antibody markedly inhibited the decanal aldehyde dehydrogenase activity of the outer mitochondrial membranes as well as that of the microsomes. Immunogold electron microscopic observations showed that gold particles are localized over the ER, outer mitochondrial membranes and peroxisomal membranes. These results suggest that msALDH or its crossreacting related protein is distributed not only in the ER membranes but also in the mitochondrial outer membranes and peroxisomal membranes.
are a group of enzymes that catalyze the oxidation of wide varieties of aliphatic and aromatic aldehydes to the corresponding acids via a pyridine nucleotide-dependent reaction. These enzymes exist in most organs such as liver, brain, lung and stomach with the highest activity localized in liver, and may play a pivotal role in rapidly metabolizing cytotoxic aldehydes (7, 18, 29 were incubated with various concentrations of anti-msALDH IgG (0.053 mg-5 mg) and mitochondrial and submitochondrial proteins (1 mg) were incubated with 2 mg of anti-msALDH IgG for 45 min at 25°C. Control assay was carried out with normal rabbit IgG. ALDH activity was assayed as described in "Enzyme Activity Determination". Cryoimmunogold electron microscopy.
Frozen ultramicrotomy of rat liver was performed according to the method of Tokuyasu (25), and immunogold electron microscopy was carried out based on the method described previously ( 
RESULTS
In order to investigate whether rat liver msALDH exists also in the mitochondria (MT) and peroxisomes and to study in which compartment of the mitochondria this protein is localized, we prepared these organelles and subfractionated mitochondria as described in Mater ials and Methods. contamination of the microsomes in the mitochondrial fraction is -5%. Marker enzyme assay of the submitochondrial fractions indicates that the subfractionation of the mitochondria was effectively carried out. Especially> monoamine oxidase, a marker enzyme of OMM, was 3.1-fold more concentrated in the OMM fractions than in the whole mitochondrial fractions.
In marked contrast, ALDH activity of the mitochondria with decanal as the substrate is distributed rather evenly in all the submitochondrial fractions (Table I) . This result is expected if two or more ALDH isozymes with unique but broad substrate specificity exist in both the mitochondrial matrix and outer membrane.
By immunoblot analysis of the mitochondria and peroxisomes with anti-msALDH antibody, we detected a 54 kDa band which presumably corresponds to the 54 kDa msALDH of the microsomes (Fig. 1) . This result suggests that msALDH itself or a cross-reacting protein is localized in both the mitochondria and peroxisomes. Since the purity of the peroxisomes is ^95% and the 54 kDa band of the peroxisomes is as dense as that of the microsomes, it is ascertained that msALDH or the cross-reacting protein exists in the peroxisomes.
As described above, the purity of the mitochondria is -92%, contaminated with the microsomes (5.1%) ( Table I ) and peroxisomes (2.9%) as shown later (Table  III) . Since the 54kDa band of mitochondria is less dense than that of microsomes, it is not certain at this stage of analysis whether msALDH or the cross-reacting protein exists in mitochondria, or that the 54 kDa band of the mitochondria is exclusively due to msALDH of the microsomes and peroxisomes contaminating the mitochondrial fractions.
To compare the immunochemical properties of the microsomal and mitochondrial ALDH isozymes, we examined whether the ALDH activity with decanal as a substrate in microsomal fractions can be inhibited with anti-msALDH antibody. Fig. 2 shows that antimsALDH IgG can effectively inhibit the ALDH activity (81% To confirm the finding that msALDH or the cross-reacting protein is indeed distributed in the OMM fraction, immunoblot analysis of the various submitochondrial fractions was carried out using anti-msALDH antibody. Fig. 3A shows that a band with apparent molecular mass of 54 kDa was found in all the submitochondri-94K- al fractions with the highest reactivity in the OMM fraction and the lowest in the MP fraction. The immuno-reactivity of the OMM fraction was higher than that of the unfractionated mitochondria.
Cross-contamination of the other fractions to the OMMfraction was assayed by immunoblot analysis using antibodies against several marker proteins. Fig.  3B shows that the distribution of the 32kD band of porin in the submitochondrial fractions is similar to that of msALDH with the most dense band in the 5 fig protein, the other fractions 20 fig protein) was subjected to SDS-PAGE (1.5% acrylamide), and the transferred proteins were immunostained with anti-NADPH-cytochrome c reductase antibody. Lanes 1 and 6, microsomes; lane 2, mitochondria; lane 3, outer mitochondrial membranes; lane 4, mitoplast; lane 5, intermembrane space.
result was similar to the distributions of MAO. The Fig. 5 shows cryoimmunogold electron micrographs contamination of the peroxisomes in the mitochondrial of rat hepatocytes. Gold particles were mostly distrif raction was 2.9%. buted over the cytoplasmic surface of the ER, outer These results clearly indicate that msALDH and/or mitochondrial membranes and peroxisomal meman immunologically cross-reacting protein does exist in branes. However, they were barely distributed over the the outer mitochondrial membranes and in the peroximitochondrial matrix, peroxisomal matrix or the cistersomes.
nal space of the ER. Similarly, gold particles were bare- The cytoplasmic surfaces of the ER membranes (5A), outer mitochondrial membranes (5A and 5B) and peroxisomal membranes (5B) are labeled with gold particles (arrowheads). E, endoplasmic reticulum; M, mitochondria; N, nucleus; P, peroxisomes.
x54,000 Bar=0.20fim l y found in the nuclear matrix or the cytosolic space. Fig. 6 shows agarose-embedded rat liver microsomes (A) and mitochondria (B) which were labeled with gold particles by pre-embedding immunogold electron microscopy. It is evident that the cytoplasmic surfaces of not only the microsomes but also the outer mitochondrial membranes are stained with gold particles. The The concentration of msALDH, porin and catalase in the microsomes, mitochondria and peroxisomes was assumed to be 100%, respectively.
ND: not determined.
degree of labeling in Koivula and Koivusalo (9) reported that the msALDH had a high Km for aldehydes and had properties similar to the mitochondrial high-Km enzymes. Lindahl and Evces (12) isolated and characterized two mitochondrial and two microsomal ALDH isozymes with high Km values and showed that the major mitochondrial and microsomal isozymes with high Km were similar in some properties, but they were clearly distinguishable from each other by their response to inhibitors, their pH velocity profiles Our results clearly indicated that msALDH and/or the immunologically cross-reacting protein exists in both the outer mitochondrial membranes and peroxisomal membranes. The apparent subunit molecular mass of the msALDH in the microsomes, outer mitochondrial membranes and peroxisomes was similar (54 kDa).
In the present immunochemical and immunocytological experiments, we assumed that the anti-msALDH antibody does not cross-react with class-2 ALDH. Since purified rat liver class 2 ALDH was not available, we could not show this experimentally.
However, comparison of Fig. 3A lane 3 with Fig. 3B lane 3 clearly indicates that the faint 54 kDa band of the former can be explained by the contamination of the outer mitochondrial membranes in the mitoplast fraction. This conclusion was supported by the very low homology in the amino acid sequence of rat msALDH with that of class 2 ALDH (only~25%). We also examined the crossreactivity of anti-human ALDH2 antibody with rat msALDH. No 54 kDa band was detected in immunoblot analysis with rat liver microsomes (data not shown).
As reported by Takagi et al. (23), msALDH is exclusively synthesized on free polysomes and distributed randomly into the ER membranes. It is highly probable, therefore, that msALDH or the cross-reacting protein on the OMM and peroxisomal membranes is also synthesized on the free polysomes and distributed into the OMM and peroxisomal membranes. Our in vivo transfection experiment with msALDH CDNAindicated that the msALDH molecules are distributed neither in the OMM nor the peroxisomal membranes but exclusively in the ER membranes (Masaki et al., manuscript in preparation).
It is strongly suggested, therefore, that the targeting signal in the carboxy-terminal region of msALDH is unique for each ALDH. The targeting signal of the cross-reacting protein in the OMM (OMM-ALDH) and peroxisomal membranes (P-ALDH) may be slightly different from that of the msALDH. In order to solve this problem, it is necessary to determine their primary sequences.
